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FORTRAN PROGRAMS FOR THE DESIGN OF LIQUID-TO-LIQUID JET PUMPS
by Nelson L. Sanger

Lewis Research Center

SUMMARY

The one-dimensional equations describing noncavitating and cavitating flow in
liquid-to-liquid jet pumps were programmed for computer use. Each of five programs
were written to incorporate a different set of design input conditions. The programs
may be used for any liquid for which the physical properties are known. Calculations
for noncavitating and cavitating performance were combined, permitting calculation of
cavitation limits within the program. Design charts may therefore easily be developed
without the manual iteration which is common to existing design methods.

The equations and method of calculation are presented for each program. And in
each case, a sample design problem is solved which illustrates the procedures and the
types of charts that can be developed.

The program inputs consist of pertinent pressure, flow, and geometric variables;
estimated friction loss coefficients; and fluid properties. Outputs consist of the basic
jet pump nondimensional parameters; other pertinent pressure, flow, and geometric
variables; and an indication of whether the flow is cavitating or noncavitating.

Listings of the FORTRAN IV programs are included. Execution times for each pro-
gram are less than 1 minute on IBM-7094 equipment.

INTRODUCTION

The liquid-to-liquid jet pump has found increasingly wide application in recent years.
Some examples of its diverse usage include reactor coolant circulation pumps, aircraft
fuel pumps, and condensate boost pumps for Rankine cycle space electric power systems.

To keep pace with the renewed interest in jet pumps, analytical and eXperimental re-
search of their performance characteristics has also expanded. Attention has been di-
rected toward optimization of geometry (refs. 1 and 2), cavitation performance (ref. 3),
staged operation (ref. 4), and the operating characteristics of low-area-ratio jet pumps




(ref. 5). Analytical and empirical relations have been developed which accurately predict
both noncavitating and cavitating jet pump performance (refs. 3, and 6 to 10).

Yet, despite the greater amount of information, the designer of a jet pump for a spe-
cific application is still faced with a cumbersome task. Design charts of a general nature
are available in some papers, but are restricted to noncavitating operation and to a rela-
tively narrow range of area ratios. Separate calculations are necessary to check for cav-
itation limits. And, in most cases, several manual iterations are necessary.

To simplify and reduce the amount of work involved in the design procedure, the non-
cavitating and cavitating procedures have been combined and programmed for computer
use. Five design routines are presented in this report. Each of them corresponds to a
cominonly encountered jet pump design problem. FORTRAN IV listings for each are in-
cluded. The program can be used for any liquid for which the physical properties are
known. Therefore, for a given set of input conditions, a designer can easily and quickly
develop a complete set of predicted performance curves showing the cavitation limits as
well as the required physical dimensions.

DESIGN EQUATIONS

A schematic representation of a jet pump is shown in figure 1, and all symbols used
are defined in appendix A. The primary fluid (fig. 1) is pressurized by an independent
source and leaves the nozzle as a core of high-velocity fluid. It is separated from the
secondary stream by a region of high shear. Turbulent mixing between the two fluids
occurs in this region, which grows in thickness with increasing axial distance from the
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Fiqure 1. - Schematic representation of a jet pump.



nozzle exit. The lowest pressures in the flow field occur in the shear region, and there-
fore cavitation inception occurs there also.

Assumptions

The assumptions that are used in the analysis are

(1) Both the primary and secondary fluids are incompressible.

(2) The temperatures of the primary and secondary fluids are equal; therefore the
specific weights are equal.

(3) Spacing of the nozzle exit from the throat entrance is zero.

(4) Nozzle wall thickness is zero.

(5) Mixing is complete at the throat exit.

Basic Parameters and Design Equations

Four basic jet pump parameters, all expressed in dimensionless form, are used.
They are
(1) Nozzle-to-throat area ratio

A
R=_1 (1)
Ay
(2) Secondary-to-primary flow ratio
w
M=_2 (2)
Wy
(3) Head ratio
P, -P
N=_D 2 (3)
P1 - PD
(4) Efficiency



The noncavitation analysis consists of an application of continuity, momentum, and energy
equations across the jet pump (see ref. 8 for complete development). Because the anal-
ysis is one-dimensional and the mixing process is three-dimensional, the analysis must
be supplemented by empirical information to determine optimum throat lengths, nozzle
positions, diffuser geometry, and area ratios for specific applications (e.g., see '"Design
Considerations'' section of ref. 5).

The formula for head ratio which results from the analysis is

2nr2 2472
2R+2R M -(1+Kt+Kd)R2(1+M)2—(1+KS)—B—M—
1"R (l_R)z
N = (5)
9RZM?2 2 2
1+K_-2R - +(1+Kt+Kd)R(1+M)
p 1-R

The theoretical expression for efficiency is obtained by multiplying equation (5) by M.
The formula for primary flow rate W1 is

/(P1 - P2)144
- rAn8e v/2g
17 ya4g N
]/(1 + Kp) -1+ KS) (1—_—)

and the formula for primary nozzle exit area An is derived from it:

9
144W g W+Kp) -(1+KS)<1_N_I.RL>
An = (N
8eY /(p1 - P,)144
v/2g

Friction losses are taken into account through the use of friction loss coefficients K,
which are based on dimensionless total -pressure losses in individual components of the
pump, such as the primary nozzle, throat, and diffuser. The friction loss coefficients
may be determined either by estimating the values on the basis of information in the lit-
erature (refs. 6 to 8) or by calibrating the individual components.

Several cavitation prediction parameters have been proposed. One of them o1, has
been recommended for design use in a summary report on jet pump cavitation (ref. 3).

W (6)
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It was developed independently in 1968 by this author at NASA (referred to as the alternate
cavitation parameter o« inref. 9), and also by Hansen and Na (referred toas o in

ref. 10). The parameter predicts conditions at the head-rise breakdown point, which is
also the limiting flow point (not incipient cavitation) and is defined as

P -
_2" % (8)

or, ;
YWg / 2g
where Vs is the secondary fluid velocity at the throat entrance (fig. 1),

W
v - l44g 2 , (©)

® V8¢ (At - An)

A value for the minimum secondary inlet pressure required to prevent cavitation can
be calculated from equation (8),

2
R

L yl1aa g Vo p (10)

144 2g| v g, A (1 -R) v

|

2REQD ~

where A and R enter the relation from equation (1). The criterion used in the com-
puter programs to determine cavitation-limited conditions is a comparison of PZREQD
and the available P2'

The noncavitating theory predicts experimental performance quite well over a wide
range of area ratios and flow conditions. Comparisons between theory and experimental
performance are presented in references 6 to 8.

Cavitation-limited flow conditions have been investigated by various researchers,
and empirical values for 0y, have been established. These values are summarized in
reference 3. A conservative design value for o L is 1.35. Well-designed secondary in-
let regions allow values of o, from 1.0 to 1.1 to be used; o1, is an input to each pro-
gram and may be specified by the user. In the numerical examples presented later in
this report, oy =1.1 is used.



DESIGN PROGRAMS AND PROCEDURES

Because of the diverse applications possible, there are several combinations of in-
put conditions which a designer might encounter. Five combinations are presented in
this section and the theoretical equations are developed into five design programs. The
equations for each program are followed by a sample design problem illustrating use of
the program. A FORTRAN IV listing of each program is given in appendix B. Execution
time for each program is less than 1 minute on IBM-7094 equipment.

The choice of which program to use will depend on what input information is avail-
able, and what output is desired. Table I summarizes the input-output features of each
program. Until the user is familiar with all the programs, table I should be used as a
starting point. ,

Program I is one of the more versatile programs. Itlends itself quite well to design
chart development since P1 and W2 are the only inputs definitely required. The
"'varying input variables' (M, R, and P2 for program I) may be selected at random to
permit the effects of variation of each to be investigated. If specific values for each of

TABLE I. - INPUT AND OUTPUT VARIABLES FOR EACH DESIGN PROGRAM

[Input common to all programs: K, K, K, Ky, v Py» oL.]

0’
Program
I II I v |V 1 II i v v
Fixed input variables Output variables
P1 P1 P1 P1 N N N N N
Wy (W, w, W, n n n n n
P2 P2 M
PprEQD | FD Lf! Wy Wy W W
d d¢ ||P2rEQD | P2rEQD | P2REQD PoREQD
d, Pp Py P P
R d, d, dn d,
Varying input variables dt dt dt
M M M M W2
R R R R P1
P2 P2




the varying independent variables are known (either initially or from the output of another
program), program I may be run in a straightforward manner to produce only one set of
output.

Program II is used when the throat diameter of a pump is known, either as a design
constraint, or as part of an existing pump that is to be redesigned. Program II is the
one program that will most often be used in conjunction with some other program. It is
used when a pump must be designed to operate quite close to the cavitation limit. Pro-
gram III identifies the cavitation-limited pump configurations. With this information the
designer can apply a safety margin to the appropriate parameter and recalculate the final
design using another program (e.g., program I).

Program IV is used when secondary flow rate W2 and pump pressure rise PD - P2
are known, and when there is some flexibility in the choice of driving pressure ‘Pl or
flow Wl‘ Finally, program V is used when the jet pump geometry is completely speci-
fied and it is desired to know the off-design performance.

Some design problems will probably occur which were not anticipated by these five
computer programs. However, in most cases, it should be possible to create new pro-
grams by combining the appropriate design equations.

The sample design problems presented after each program do not represent the full
range of applicability of each program. For some applications, enough information will
be available to permit a straightforward once-through design procedure. In other cases,
it will be necessary to create design charts before arriving at a final design.

Similarly, in the sample problems some programs are used in conjunction with
others (programs III with I, I with II, and IV with V), How certain programs are used
with each other, or if they are, will also depend on the specific application. The combi-
nations used in the sample problems in this report are not suggested as the only possi-
bilities open to a designer. As experience is gained using the programs, the potential
relations between them will become clearer.

Finally, a word about design compromises. In general, the ideal jet pump design
would possess several desirable but mutually unattainable qualities. Large amounts of
secondary flow W2 would be pumped by a minimum of primary flow W1. This corre-
sponds to a high flow ratio, M = W2 /W 1 The pressure supplied by an outside source P1
would be kept low while jet pump pressure rise was maximized (PD - Pz). This corre-
sponds to a high head ratio, N = (Pp, - P,)/(P, - Pp). Efficiency would be high (7 = MN)
and operation would be cavitation free.

In practice, of course, compromises must be made. Achieving all these idealized
goals concurrently would violate the laws of conservation of energy and momentum. Some

H

of the compromises encountered in practice are illustrated in the sample problems.



Program I

Variables. - The known and unknown variables incorporated in program I are as fol-
lows: The known variables are

(1) Primary fluid inlet pressure P,

(2) Secondary flow rate W2

(3) Fluid properties  and p.

(4) Friction loss coefficients K

(5) Cavitation parameter o

(6) Secondary inlet pressure PZ’ flow ratio M, and area ratio R (to be selected and

D’ Ks’ Ky, and Kd

" their ranges varied)

The variables to be calculated are

(1) Outlet pressure Pp

(2) Required secondary inlet pressure PZREQD

(3) Area ratio R

(4) Nozzle diameter d,

(5) Throat diameter d,

(6) Primary flow rate W,

(7 Head ratio N

(8) Efficiency 7

Equations. - The program uses the design equations in the order presented. From
the input information and the definition of flow ratio (eq. (2)), the primary flow rate is
calculated

Wy
Wl = —_— (2)
M

and from it and other input information, the primary nozzle area and diameter are cal-
culated:

2

MR

» (1+K)~(1+K){—
A:144W1g ‘/ P S 1-R

n
Y [P, - P)144
v/2g

(7)




Throat area is computed from the definition of area ratio (eq. (1))

A
At =_1 (1)
R
and throat diameter is calculated from
d, = At
.
0.7854

<

Head ratio N is computed from equation (5) and is multiplied by flow ratio M to obtain
efficiency:

N=fM, R, K , K_, K, K) (5)

p,

7 = MN (4)

Outlet pressure is calculated from the definition of head ratio (eq. (3)) and input values

for P1 and P

97

_NP1+P2 3

p=——2 (3)
1+N

P

Total flow rate is calculated by summing primary and secondary flow rates,

Wpn=W., +W

T 1 2

The minimum secondary inlet pressure required for cavitation-free operation is com-
puted and compared to the input P2:

2
o WoR

Pyrmqp = —o 2| £ 2 * Py (10)
144 2g| 4 g, A(l-R)

If P2 is greater than PZREQD’ the flow is noncavitating and a message indicating this
is printed out.



Sample design problem. - A jet pump is used to circulate 1200° F liquid sodium
through the core of a nuclear reactor. It has a throat diameter dt of 0.930 inch and an
area ratio R of 0.0425. An auxiliary pump supplies a weight flow W1 of 1 pound per
second of drive fluid at a pressure P1 of 80 psia to the jet pump, which pumps a weight
flow W2 of 3 pounds mass per second from an inlet pressure P2 of 25 psia. A redesign
of the reactor core requires that the jet pump produce a pressure PD of 30 psia instead
of the present 28.5 psia. This will require a new jet pump design.

For this sample problem the known variables are P1 = 80 psia; P2 = 25 psia;

Ppy = 30 psia; W2 = 3 lbm/sec; W, =1 lbm/sec; » = 49.33 1bf/ft3', p, = 0.96 psia;
Kp =0.03, K, =0.1, K; =0.1, and K4 =0.1 (estimated); and 01, = 1.1. The variables
' to be'calculated are R, d,, and d,.
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(a) Outlet pressure, throat diameter, and nozzle diameter
as function of area ratio.
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(b) Efficiency and required secondary inlet pressure as
function of area ratio.

Figure 2. - Program I sample problem.
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Since pressure and flow requirements are completely prescribed, the design proce-
dure is straightforward. The results are shown in figure 2 as functions of area ratio. To
achieve an outlet pressure of 30 psia requires a pump having an area ratio of 0.08, a
throat diameter of 0.668 inch, and a nozzle diameter of 0.189 inch. Such a pump will
have an efficiency of 30.2 percent. The secondary inlet pressure required to prevent
cavitation is 5.3 psia, well under the 25 psia available.

Program II

Variables. - Program II uses the following information to calculate the unknown
variables:

(1) Primary fluid inlet pressure P1

(2) Secondary flow rate W2

(3) Throat diameter dt

(4) Fluid properties 5 and Py

(5) Friction loss coefficients K

(6) Cavitation parameter o1,

(7) Secondary inlet pressure P2 and area ratio R (to be selected and their ranges

p’ Kgs Ky, and Ky

varied)

The variables to be calculated are

(1) Outlet pressure Pp

(2) Required secondary inlet pressure PZREQD

(3) Flow ratio M

(4) Primary flow rate W,

(5) Nozzle diameter dn

(6) Head ratio N

(7) Efficiency 7

Equations. - The program calculations are performed using the following equations
and procedure in the order listed.

Knowing the throat diameter, the throat area is calculated, and from the definition
of area ratio (eq. (1)), the nozzle area is computed:

2

A, =0.7854 di

t

A =AR (1)

11



d_ = “n
n 0.7854

The only flow parameter known is the secondary flow rate W2' If either W1 or M
were known, the other could be calculated from the definition of flow ratio, M = W, /W 1
(eq. (2)). This equation is used in an iterative procedure in this program to determine
both W1 and M. A first approximation for W1 is made by dropping the term in equa-
tion (6) which contains M.

N /(1:’1 - P2)144
VA8
W, (1) = n-c /28 (first approximation for W)

144¢g ‘/ K
1+ P

Having this value for Wl’ a corresponding first approximation for flow ratio can be cal-
culated:

_ W
M(1) = —= (2)
W,

An iteration loop is then begun using the complete equation (6). Each succeeding W1 is
computed using the flow ratio M calculated in the preceding iteration. The resulting
value of M calculated is compared to the value calculated in the preceding iteration.
When the percentage deviation between the two is less than 0.05, the loop is completed
and a final value for W1 is completed:

12



(P1 - P2) 144
rAn8. l v/2g

1-R

W,
M(j) = —=
< W, @)

AM = M(j) -~ M(j - 1)

Percent deviation = AM X 100

M(j)

If the percent deviation is less than 0.05, set M = M(j).

/(P1 - P,)144
_ A8 v/2g

.

. 2
(1+K) - (1+ KS)|:_1‘_/I_(J_'_LR’]

If the percent deviation is greater than 0.05, recalculate the loop.

1

144g MR D)
1/(1 + Kp) -(1+ KS) (—-—1 - R)

Head ratio, efficiency, and outlet pressure are then calculated:

N=f(M, R, K, K, K, K

p d
71 = MN
P = (NP1 + Pz)/(l + N)

And finally, a cavitation check is made:

(6)

(2)

(6)

(5)

(4)

(3)

13



2

o W,R
Pompqp = —= L[t & —2—| 4p (10)
144 2g| v g, An(l - R)
If P2 is greater than P2REQD’ flow is noncavitating, and a message indicating this is
printed.

Sample design problem. - The original jet pump in design problem I had a diameter

dt of 0.930 inch and an area ratio R of 0.0425. Rather than build an entirely new jet

pump, a designer may wish to remove the nozzle from the pump body and replace it with

one having a different diameter.
For this sample problem the known var1ab1es ar? P1 = 80 psia; P2 = 25 psia;

PD = 30 psia; W2 = 3 lbm/sec; y = 49.33 lbf/ft = 0.96 psia; Kp =0.03, KS =0.1,
34—
Pp
4— 2|
£ 3 LW —m— —_————
& < I
g, 8 77T |
2 .2— =8 28
S K !
© =]
2 S
; ‘
= .1 2% n |
5 I
Pp
L I
0 " 1 | | | |
(a) Outlet pressure and nozzle diameter as function of
area ratio,
3— 30—
g
= - &
& :
5 2
= 1= @2
z 2
2 bt
&

Area ratio, R

(b) Efficiency and primary flow rate as function of area ratio.

Figure 3. - Program II sample problem,
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K; =0.1, and K, = 0.1 (estimated); and or, = 1.1. The variables to be calculated are
R, dn’ and Wl.

The design curves corresponding to this set of conditions are presented in figure 3.
Once again the design procedure is straightforward, but a compromise is involved. To
achieve a higher outlet pressure than the original 28.5 psia (see problem I), using the
same primary inlet pressure and same throat diameter, requires a greater amount of
primary fluid and therefore a larger nozzle diameter (0.228 in. compared to 0.192 in.).

The results show that a jet pump having an area ratio R of 0.06 provides an outlet
pressure of 30.0 psia. But it requires 1.41 pounds mass per second of primary flow rate
to do it. The design decision (comparing problems I and II) is whether the reduced cost
and simpler replacement features are worth the required extra flow rate of 0.41 pound
mass per second and the lower efficiency (21.3 against 30. 2 percent).

Program III

Variables. - Program III takes the following information and calculates the corre-
sponding flow and geometric variables:

(1) Primary fluid inlet pressure P1

(2) Secondary flow rate W,

(3) Required outlet pressure PDREQD’ the lower limit for outlet pressure

(4) Fluid properties 4 and P,

(5) Friction loss coefficients Kp, K, K;, and K,

(6) Cavitation parameter o

(7) Flow ratio M and area ratio R (to be selected and their ranges varied)
The variables to be calculated are

(1) Primary flow rate W1

(2) Outlet pressure PD

(3) Required secondary inlet pressure P2REQD

(4) Nozzle diameter dn

(5) Throat diameter dt

(6) Head ratio N

(7) Efficiency 7

Equations. - The calculations are performed using the following equations in the
order listed. From the input information, values are calculated for primary flow rate
Wl, head ratio N, and efficiency n:

w2
W =_2 (2)
1 M

15




N =f(M, R, K, K, K, K)) (5)

p
n = MN (4)

An iteration loop is then begun. A first estimate for the secondary inlet pressure P2 is
calculated from the definition of head ratio (eq. (3)) using the lower limit for outlet pres-
sure (PDRE ) for P Nozzle area A is computed from equation (7) and PZREQD
from equation (10) The value thus obtamed for PZREQD is set equal to P:2 and used
to recalculate An and P2REQD until the difference between successive iterative calcu-
lations for PZREQD is within specified limits.

The first estimate for P2 is

Py = PhreqDp - NPy - PprEQD)
8cY (P, - P,)144
v/2g
P __0 y |144g (10)
2REQD 144 2g | 4g, A (1 _R)
P -P
Percent deviation = 2REQD %X 100
PoREQD

If percent deviation is greater than 0.05, set P2 = P2REQD in equation (7) for An’ and
recalculate the values for A~ and PZREQD' If percent deviation is less than 0.05, con-
tinue to the next step.

After the loop is satisfied, the outlet pressure and geometry are calculated from
equations (3) and (1) and the formulas for d, and d :

p. - F1* PaREQD

1+N

(3)

16



n 0.7854

Thus, beginning with a small amount of specified information, this program computes a
jet pump configuration designed to operate at the minimum possible secondary inlet pres-
sure, P2 = PZREQD' Having arrived at a geometric configuration and an operating point,
the designer may then apply a safety margin to any of several variables (e.g. , P2, d n’
dt’ R, or W2) and enter any of the other programs to compute the final pump design.
Sample design problem. - A Rankine cycle system is to be used for generating on-
board electric power for a spacecraft. Working fluid is liquid potassium. A condensate

pump is to be designed, and a jet pump will be needed to act as a booster pump to in-
crease the inlet pressure to the condensate pump to 10 psia. A pressure of up to 300 psia
will be available from the system to drive the jet pump (P ) and 2.5 pounds mass per
second of fluid (WZ) must be supplied by the pump to the system Fluid at the inlet of the
jet pump will be at a temperature of 1000° F. System size requirements place a con-
straint on throat diameter, limiting it to less than 1 inch. And radiator weight limita-
tions specify that available secondary inlet pressure P2 will be less than 4 psia. The
designer must determine the amount and pressure of the recirculated fluid necessary to
drive the jet pump (W1 and Pl)’ the size of the jet pump (d,, d , and R), and the inlet
pressure of the condensate fluid required to prevent cavitation (PzREQD)

For this sample problem the known var1ab1es are P1 = up to 300 psia,; W2 =2.5lbm/
sec; PDREQD—IOpsm, y = 44, 381bf/ft y Py = 1.1 psia,; Kp—O 03, K =0.1, Kt-O 1,
and Kd = 0.1 (estimate based on literature); and o = 1.1. The var1ab1es to be calcu-
lated are P2REQD’ W Pl’ R, d, dt’ and actual PD.

Program II was run for values of P1 of 100, 200, and 300 psia and over a range of
flow ratios M from 1 to 6 and area ratios R from 0.01 to 0.10. Results are plotted in
figure 4.

Figures 4(a-1) to (a-3) are plots of outlet pressure and required secondary inlet
pressure as a function of area ratio for six values of flow ratio.

Figures 4(a-1), (a-2), and (a-3) are for primary inlet pressures of 100, 200, and 300
psia, respectively. In figure 4(a-1) a horizontal line has been drawn, corresponding to

17
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Figure 4. - Program II1I sample problem.
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the PDREQD of 10 psia. It intersects each of the six flow ratio curves at a specific
area ratio. This area ratio and the flow ratio corresponding to it are then used to locate
points on the PZREQD-against-R curves so as to construct a characteristic curve for
PD = 10 psia.

Figure 4(b) is a plot of efficiency as a function of area ratio for each of the six flow
ratios. Superposed on this figure are characteristic curves for P1 of 100, 200, and
300 psia, constructed from the intersections of the curves for PDREQD = 10 psia of fig-
ure 4(a). Therefore, figure 4(b) is restricted to a PD of 10 psia.

A study of figures 4(a) and (b) will reveal the design compromises that must be made.
Figure 4(a) shows that as P1 increases, the characteristic curves for PD = 10 psia
shift to lower required secondary inlet pressures, a favorable trend. But figure 4(b)
shows that increasing P1 corresponds to decreasing efficiency, an unfavorable trend.
Figure 4(a) also shows that to achieve the desirable goal of high-flow-ratio operation
(low Wl) means accepting a high required secondary inlet pressure, an undesirable
trend. So, as observed earlier, it is impossible to achieve all the desirable goals con-
currently (in this case, high flow ratio, low required secondary inlet pressure, and high
efficiency).

In selecting an operating point, it should first be recognized that the required second-
ary inlet pressure produced by the program is the minimum possible operating pressure
and the resulting jet pump geometry is calculated based on this minimum pressure. It is
unlikely that this set of conditions (P2 and geometry) will ever constitute the final de-
sign point because of the lack of operating margin with respect to cavitation. But, having
established the minimum possible secondary inlet pressure and an acceptable throat and
nozzle diameter, the designer can then easily determine the final design by making one
pass through program I, for example. The input to program I is the same as for pro-
gram III except that a value for secondary inlet pressure must also be given. When the
minimum secondary inlet pressure from program III is known, it can be increased by an
appropriate margin of safety and used as input for program I.

Figures 4(a) and (b) may be reviewed to clearly illustrate the procedure. The object
is to keep P2 less than 4 psia and concurrently to maximize flow ratio M. Many oper-
ating po'nts could be chosen. Three are indicated in figures 4(a) and (b), and are listed
below. The throat diameters corresponding to these points are noted in figure 4(c), a
plot of throat diameter against area ratio.

(1) P1 = 100 psia; M = 3; n = 21.7 percent; P2REQD = 3.4 psia; R = 0.0466;

= 2.5 lbm/sec; W1 = 0.83 Ibm/sec (fig. 4(a-1)), (b), and (c)).

(2) P, =200 psia; M = 5; n = 17.0 percent; P2REQD = 3.75 psia; R = 0.0215;
W, =2.5 lIbm/sec; W, =0.50 lbm/sec (fig. 4(a-2), (b), and (c)).

(3) P1 = 300 psia; M = 6; n = 13.3 percent; P2REQD = 3.4 psia; R =0.0139;

= 2.5 lbm/sec; W, =0.42 Ibm/sec (fig. 4(a-3), (b), and (c)).

W,

W,

20



For all cases, P2 is less than 4 psia (fig. 4(a)) and d, is less than 1 inch (fig. 4(c)).

A compromise must be made between high flow ratio and high efficiency. At M =6
the specified W2 can be pumped with one-half as much primary flow as at M = 3, there-
by reducing the size and weight of the main stage pump. Since 300 psia is available for
use, the choice made by the author for this set of conditions is the configuration corre-
sponding to operating point (3). In making the choice, some efficiency was conceded.

To arrive at the final design, program I was used. No figures are presented herein,
but the final results are given below. The secondary inlet pressure P2 was set at the
maximum allowable 4 psia, which provides a safety margin of greater than 15 percent
over PZREQD of 3.4 psia. This and the other conditions cited earlier for operating
point (3) were used as input to program I and the results were

(1) Area ratio, R = 0.0125

(2) Throat diameter, d, = 0.749 in.

(3) Nozzle diameter, d, =0.084 in.

(4) Primary inlet pressure, P1 = 300 psia

(5) Secondary inlet pressure, P, = 4 psia

(6) Minimum operating secondary inlet pressure, PZREQD = 2.9 psia

(7) Outlet pressure, Pp = 10 psia

(8) Efficiency, 1 = 12.5 percent

(9) Primary flow rate, W1 = 0.42 lbm/sec

Program IV

Variables. - The input variables for program IV are

(1) Secondary fluid inlet pressure P, |

(2) Outlet pressure PD

(3) Secondary flow rate W2

(4) Fluid properties 4 and P,

(5) Friction loss coefficients K

(6) Cavitation parameter 91,

(7) Area ratio R and flow ratio M (to be selected and their ranges varied)
The output of the program is

(1) Primary fluid inlet pressure P,

D’ Ks’ K;, and Kd

(2) Primary flow rate W1

(3) Nozzle diameter d,

(4) Throat diameter dt

(5) Head ratio N

(6) Efficiency 7

(7) Indication of cavitating or noncavitating flow
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Equations. - The calculations are performed in the order that the following equations

are listed.

The secondary flow rate W2 is known and values for flow ratio M are selected and

varied. Primary flow rate is then calculated from equation (2)

w

W, = _ﬁz
Head ratio and efficiency are then calculated,
N =M, R, K, K, K, Ky
n = MN

The definition of head ratio is used to compute primary inlet pressure,

and equation (7) is applied to calculate primary nozzle area,

2
MR
(1+K)-(1+K)[—
A=144W1g]/ P s\T_Rr
" BeY / P.)144
C (Pl" 2)1
v/28

Throat area is calculated from the definition for area ratio

A

A =1
t R

and throat and nozzle diameters are calculated from the simple area relations
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d_ = A
n 0.7854

Finally, a cavitation check is made by computing P2REQD and comparing it with the
available secondary inlet pressure P2,

2
o] W.R
PZREQD __L y|144 g 2 +p, (10)
144 2g| » ge An(l -R)

If P2 is greater than PZREQD’ flow is noncavitating and a message indicating this is
printed out.

Sample design problem. - A jet pump is to be designed to pump 1.25 pounds mass
per second of JP-4 aircraft fuel at a temperature of 100° F from a pressure of 6 to 12
psia. No more than 200 psia will be available from the system for primary fluid pres-

sure P1 at design-point operating conditions. It is desired to use as little primary fluid
as is consistent with high efficiency and cavitation-free operation. The designer must
determine the size of the jet pump and the primary inlet pressure required.

For this sample problem the known variables are P2 = 6 psia; PD = 12 psia; P1 = up
to 200 psia; W, = 1.25 lIbm/sec; y = 47.6 1bf/ft3; p, = 2.0 psia; K =0.03, K, =0.1,
K;=0.1, and Kq4=0.1 (estimated); and 0y, = 1.1. The variables to be calculated are
Pl’ R, d , and d,.

Program IV was run for values of flow ratio M ranging from 1 to 5 and for area
ratios R from 0.01 to 0.10. The results are plotted in figures 5(a) to (c) as a function
of area ratio. Before selecting an operating point, and thereby a geometric configura-
tion, the specific application must be considered. There are two general classes of ap-
plications or operating conditions. First, if no off-design operation is expected (i.e.,
fixed point operation), the configurations which operate very close to the cavitation limit
and have high efficiency can be selected. For the curves shown, this would correspond,
for example, to R=0,04, M=4 and R =0,07, M = 3 (figs. 5(a) and (b)).

The second class of operation would correspond to the sample problem cited; that is,
off -design operation over a range of flow is expected. In such a case the operating point
must be chosen to allow a margin for increase in flow W2 without causing cavitation.

Let us take R =0.07, M = 3 (fig. 5(a)) for an example. If such a configuration were
to be operated over a range of flows, it would follow the vertical operating line shown in
figure 5(a) (constant area ratio R). Following such a path, it is found that the intersec-
tion with the M = 4 curve is in the cavitating region. The operating range of this con-
figuration is obviously restricted. Therefore, another point should be chosen on the non-
cavitating portion of the same flow ratio curve. It should be located at a greater distance
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from the cavitation-limit point and such that operation at a fixed area ratio (vertical line)
would indicate cavitation-free operation at higher flow ratios M. The point M = 3,

R =0.025, P, = 148 (figs. 5(a) to (c)) would be a good example. Once such a point is de-
termined, the predicted operating range and cavitation capabilities can be checked by
using program V (results from program IV used as input to program V). Should the op-
erating range appear unsatisfactory, the designer can then return to figure 5(a), select
another point and repeat the process.

That procedure was used to determine the design point (R = 0.025) indicated in fig-
ures 5(a) and (b). A further explanation of the procedure will be given in the sample de-
sign problem for program V. The design point conditions and geometry corresponding
to the point indicated in figures 5(a) to (c) are

(1) Primary inlet pressure, P1 = 148 psia

(2) Flow ratio, M = 3

(3) Area ratio, R = 0.025

(4) Efficiency, 1 = 13.2 percent

(5) Nozzle diameter, d, = 0.099 in.

(6) Throat diameter, d, = 0.624 in.

Program V

Variables. - Program V is used when thr jet pump geometry is known and it is de-
sired to predict off-design performance. The known variables are

(1) Primary inlet pressure P1

(2) Secondary inlet pressure P,

(3) Area ratio R

(4) Nozzle diameter dn

(5) Throat diameter dt

(6) Fluid properties 4 and P,

(7) Friction loss coefficients Kp, Ks’ K,, and K4

(8) Cavitation parameter oy

(9) Flow ratio M (to be selected and the range varied)
The variables to be calculated by the program are

(1) Outlet pressure Pp

(2) Required secondary inlet pressure PZREQD

(3) Primary flow rate W'1

(4) Secondary flow rate W2

(5) Head ratio N

(6) Efficiency 7
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Equations. - The equations and calculation procedure are as follows: All the infor-
mation necessary to calculate head ratio is available as input,

N = f(M, R, K, K, K, K (5)

Outlet pressure can be calculated from the previously calculated N and from input values
for primary and secondary inlet pressures P1 and P2.
NP, + P

P 1 =&
1+N

Nozzle area is calculated from the area formula A n= 0. ’7854d121 and is used in equa-
tion (6) with input information to compute primary flow rate

/(P1 - P2)144
W. = rAp8e v/2g
1=
144g 2
MR

Secondary flow rate is calculated from the definition of flow ratio,

(6)

Wz = WIM (2)
and the cavitation limit is checked,
o Ww,R |2
P L y|l44 g 2
2REQD ~ o - + Py (10)
144 2g| y g, An(l -R)

If P2 is greater than PZREQD’ flow is noncavitating and a message indicating this is
printed out.
Sample design problem. - The jet fuel pump designed in the program IV sample

problem must be able to operate over a range of flows and pressures to meet varying

engine requirements. The designer is therefore interested in developing a series of
predicted performance curves for the jet pump for the conditions and flow rate range
specified as follows:
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The known variables are P1 = up to 400 psia (to meet the flow range requirement);
= 6 psia; R = 0.025; d =0.099 in.; dt =0.624in.; W:2 = 0.75 to 2.5 lbm/sec;
=3.0; 4 =47.6 lbf/ft = 2.0 psia; Kp =0.03, K, =0.1, K, = 0.1, and K =0.1
(est1mated), and o =1. 1 The variables to be calculated are P, PZREQD’ Wl’ N, and

2

n for any point in the operating range.

At design conditions, the primary inlet pressure required by the jet pump will be
148 psia; the geometric configuration was sized according to this requirement. As the
engine operating conditions vary for off-design operation, the primary inlet pressure
available to drive the jet pump will change and the maximum available P1 will be
400 psia. Therefore, input values to program V for P1 were arbitrarily selected at
50, 100, 200, 300, and 400 psia.

The performance curves are presented in figure 6. Of most direct use to the de-
signer is figure 6(a-1) which gives developed outlet pressure PD and the corresponding
flow rate W2 to the system. Outlet pressure is also plotted in figure 6(a-2) as a func-
tion of flow ratio. In both figures an engine operating line was constructed assuming jet
pump operation at constant flow ratio. The indicated cavitation-limiting secondary flow
rate W2 for all operating conditions is 2.6 pounds per second (fig. 6(a-1)) because
secondary inlet area and pressure are fixed. However, the cavitation-limiting flow ratio,
M= WZ/WI, varies (fig. 6(a-2)) because changes in primary inlet pressure cause changes
in primary flow rate Wl'

Nondimensional jet pump parameters N and 7n are plotted as a function of flow
ratio in figure 6(b). And for convenience, the secondary inlet pressure required to pre-
vent cavitation is plotted in figure 6(c) for a range of flow ratios and primary inlet pres-
sures.

In selecting a jet pump to meet program IV sample problem requirements, the in-
formation presented in figure 6 would be used directly. The configuration finally chosen
(the performance of which is shown in figs. 6(a) to (c)) had the following characteristics:
R =0.025; M = 3; P1 = 148 psia; dn = 0.099 inch; d, = 0.624 inch; and 7 = 13.2 percent.

The specified secondary flow rate range W2 was 0.75 to 2.5 pounds mass per sec-
ond. Figure 6(a-1) shows that the cavitation-limiting flow rate is 2.6 pounds mass per
second, and this configuration is therefore acceptable.

On the other hand, a configuration which was not acceptable corresponded to the point
on figure 5(a) where R = 0.0185, P1 = 200 psia, and M = 4,0. This was initially attrac-
tive because of its higher flow ratio of M = 4.0. However, when data corresponding to
this configuration were entered into program V, the results (not shown here) gave a W2
of 2.3 pounds mass per second as the limiting secondary flow rate, less than the upper
limit of the specified flow range.
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Input and Output

This section describes the procedures for entering input data into the program and
the form in which output is printed.

Input. - All input variables for each program are entered with NAMELIST declara-
tions. The first set of data entered is the same for each program. It consists of the
friction loss coefficients Kp’ Ks, i) and Kd; the specific weight of the fluid ; the
vapor pressure of the secondary fluid p ; and the limiting cavitation parameter Oy
This group of data is identified as CARD1, and a sample is shown below

SCEEl KF=. 05, Bi=_1; Ri=.1s 0=, 1y LAMMg =47, fasional=1.1 s P¥=2, % |

Cl,lgI 1 | | IO I I | I I D | B I

docdlz] 1 1 rFortran sMremMenT 11 1 I | oewmeicanon
NUMBE! 3|

jcocooieoooooooMoNocHoooHooNooo oosoooloooocvndooodWNocoooooooofooNoooo0coogo00000
123 4 5lEbY R SN T MISIENT S9N 2 AB KA BN I MI I I8 904 & AT 44546 47 4B 4350 51523334 95 56 57 38 S G0 BY E2 E2BA 6566 5/ BAGE U 1 PRI N 12 18 19 M0
1;|1||1{|11|;1nn|nn|u||1|||n11||1|||11||n||11111|||1|1|11|1|11nnnn|n|1
‘ !

On IBM-7094 equipment the set of data in a NAMELIST declaration must begin with a
$ in card column 2, followed by the group identification name (i.e., CARDI in columns
3to 8); and a $ must appear at the end of the data on the last card.

The second group of data entered in each program is identified as CARD2 and differs
for each program. A list of CARD2 input variables for each program follows:

(1) Program I: P1, W2, NORS, R, NOMS, M, NOP2, P2

(2) Program II: P1, W2, DT, NOP2, P2, NORS, R

(3) Program III: P1, PDREQD, W2, NOMS, M, NORS, R

(4) Program IV: NORS, R, NOMS, M, P2, PD, W2

(5) Program V: P1, P2, DN, DT, R, NOMS, M
The variables in a specific group may be entered in any order. An example of input for

the program II sample problem is given here:
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The NAMELIST declaration permits a simple variation of parameters (e.g., P1
above) with a minimum of card punching and with no concern for format fields.

Output. - Output variables are printed according to FORMAT declarations. Perti-
nent input information is printed first. Then program-calculated information and special
messages are printed. A sample output sheet from the program III sample problem is

given here.

Pl PDRECC W2 KP KS KT KD GAMMA SIGMAL (4
1C0.C 10.C 2.5 C.C3C C.1C0 C.100 0.100 4444 l.l 1.1

v = 1.C00

R N ETA P2 REQD PD DY CN Wl

c.ClIC 0.Cl9 C.016 1.1 3.C 2.700 0.270 2450 PP IS LESS THAN PDREQD
CeCe0 0.C39 0,036 1.1 4.8 1.309 C.270 2.50 PD IS LESS THAN PDREWD
c.Cz¢C 0.C58 C.CS€ 1.2 6.6 1.559 0.270 2450 PD IS LESS THAN PDREQD
CeCésG 0.C77 C.077 1.3 8.4 1.350 0.270 2450 PO IS LESS THAN PDREGD
C.Ct0 0.C96 C.C3¢ l.4 1C.1 1.208 0.270 2.50

C.C€0 0.115 O.11% 1.5 11.7 1.102 0.270 250

C.Ci0 0.134 C.l134 1e7 13.3 1.021 0.270 2450

C.0¢t0 0.152 0.152 1.9 14.8 0.955 0.270 250

C.CsC 0.170 0.17C 2.1 16.4 0.90C C.270 2.50

c.1C0 0.188 O.18¢8 2+4 17.8 0.854 0.270 2.50
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R N ETA P2 RERC PD DT EN Wl

c.c1C 0.C19 C.GC3¢ l.1 3.C 1.909 0.191 1.25 PO IS LESS THAN PDREQD
C.Ge0 0.C37 C.07% 1.3 4.8 1.350 0.191 1.25 PD IS LESS THAN PDREQD
c.0z0 0.C55 C.11C 1.5 6.6 1.102 0.191 1.25 PO IS LESS THAN PDREWD
C.Q¢0 0.072 0.142 1.8 B.4 0.955 0.191 1.25 PD IS LESS THAN POREQD
C.0t0 0.087 0.17¢% 243 10.1 0.854 0.191 1.25

C.CtC 0.102 0.204 2.8 11.8 0.780 0.191 1.25

c.Ci0 0.116 0.232 3.5 13.5 0.722 0.191 1.25

C.0¢€0 0.128 0.25¢ 4e3 15.2 0.675 0.191 1.25

C.CsC 0.139 0.27S 5e2 l16.8 0.636 0,191 1.25

C.1CC 0.149 C.298 643 18.5 0.604 0.191 1.25

M = 2.C00

R N ETA P2 REND PD [} CN Wl

c.Ccto 0.019 0.05¢ 1.2 3.C 1.559 0.156 0.83 PD IS LESS THAN POREQD
C.CeC 0.C36 0.10¢ 1.5 4.5 1.102 0.156 0.83 PD IS LESS THAN PDREQD
C.0zC 0.C51 C.154 246 6.8 0.900 0.156 0.83 PD IS LESS THAN PDREQD
C.C40 0.C65 C.19¢ 2.8 8.7 0.780 C.156 0.83 PD IS LESS THAN PDREQD
C.Ct0 0.C77 C.232 3.7 1C.6 0.697 0.156 0.83

C.C€0 0.087 0.262 5.0 12.6 0.636 0.156 0.83

C.Ci0 0.C95 C.28¢ €.5 14.6 0.589 0.156 c.83

C.0¢t0 0.101 0.302 8.3 16.7 0.551 0.156 0.83

c.CsC 0.104 0.312 1C.4 18.8 0.520 0.156 0.83

c.1CC 0.104 C.312 12.8 21.1 0,493 0.156 0.83

CONCLUDING REMARKS

The one-dimensional equations describing noncavitating and cavitating flow in liquid-
to-liquid jet pumps were programmed for computer use. Each of the five programs was
written to incorporate a different set of design input conditions. The programs may be
used for any liquid for which the physical properties are known. Calculations for non-
cavitating and cavitating conditions were combined, permitting calculation of cavitation
limits within the program. Design charts may therefore easily be developed without the
manual iteration which is common to existing design procedures.

Three types of input data are required for each program. One is composed of fluid
properties, friction factors, and other constants. Another type is made up of certain
fluid dynamic and geometric parameters which are specified invariant by design require-
ments. And the third type of input is composed of parameters which may be varied to
allow flexibility in choice of the design point.

The programs are adaptable in use. Single-pass design-point calculations may be
made if the design requirements are fully specified. Or, if some of the parameters are
variable, one or more programs may be used to construct elaborate design charts.

Program I is a versatile program which requires only two invariant input param-
eters: primary inlet pressure Pl; and secondary flow ratio WZ' Through variation of
flow ratio M, area ratio R, and secondary inlet pressure P2 design charts may be
constructed which specify the other geometric and fluid dynamic parameters. Program II
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is used when the designer knows the throat diameter of the jet pump dt’ the primary in-
let pressure Pl’ and the secondary flow rate W2.

Program III is used when the primary inlet pressure Pl, the secondary flow rate
W2’ and the minimum allowable outlet pressure PD are specified. It calculates a con-
figuration which is sized for operation just at the cavitation-limiting condition. This pro-
gram may be used to establish a first-approximation design for jet pumps which must op-
erate close to the cavitation limit. In such cases, a cavitation safety margin is applied
to output parameters from program III, and those data are used as input to one of the
other programs to determine the final design.

Program IV is used when the secondary flow ratio WZ’ the secondary inlet pressure
P2, and outlet pressure PD are known (i.e., W2 and jet pump pressure rise). Pro-
gram V is used when the jet pump geometry has been specified (area ratio R, nozzle
diameter dn’ and throat diameter dt) and the primary and secondary inlet pressures P1
and P2 are known. The off-design performance of an existing jet pump is calculated by
this program.

A sample design problem was solved for each program. In some cases, it was
shown how two programs may be used in series. FORTRAN IV listings of the programs,

sample input data cards, and an output data listing sheet are also included.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 18, 1971,
128-31.
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FORTRAN
variable

AN
AT
DN
DT
ETA

GAMMA

KP

KT

NOMS
NOP2
NORS

P1

P2
P2REQD
PD
PDREQD

PV

Mathematical

>
=)

g

Q
=

B/ X B 3 o

R AR RS

Z 2

U W W o9

d

APPENDIX A

SYMBOLS

Definition

area of primary nozzle at nozzle exit plane, in. 2

area of throat, in. 2
diameter of primary nozzle exit plane, in.
diameter of throat, in.

efficiency, 100MN, percent

acceleration due to gravity, 32.163 ft/sec2
specific weight of fluid, p(g/g,), 1bt /£t3
dimensional constant, 32.174 (ft-lbm) /(secz)(lbf)

friction loss coefficient for diffuser

friction loss coefficient for primary nozzle

friction loss coefficient for secondary inlet

friction loss coefficient for throat

flow ratio, W, /W 1

head ratio, (P - Pz)/(P1 - PD)

number of values of M to be read as input

number of values of P2 to be read as input

number of values of R to be read as input

primary total inlet pressure, psia

secondary total inlet pressure, psia

secondary inlet pressure required to avoid cavitation, psia

outlet total pressure, psia

total pressure to which jet pump is required to discharge,
psia

vapor pressure of secondary fluid, psia
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FORTRAN
variable

R

SIGMAL

w1

W2
wT

Subscripts:

D
d

n

34

Mathematical
symbol

R

discharge

diffuser

Definition

area ratio, An/At

fluid density, Iom/it>

jet pump cavitation prediction parameter at headrise drop-
off, (P2 - pv)/<'yV§ /2g>

fluid velocity, ft/sec

primary fluid weight flow, lbm/sec

secondary fluid weight flow, lbm/sec

+ W

total weight flow, W Ibm/sec

1 2’

primary nozzle exit plane, jet pump

primary nozzle

secondary fluid inlet

total
throat

primary fluid

secondary fluid
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APPENDIX B

FORTRAN IV LISTINGS

JET PUMP DESIGN - T -

DIMENSION R(30)s M(30), P2(20])
REAL MoNTHoKP+KS+KToeKDsNN
NAMELIST/CARDL/KPeKSeKTo,KD+GAMMA,SIGMAL PV
NAMEL IST/CARD2/PLow2«NURSeReNDMSsMeNOP2 P2
KEAD (5.0ARD1)

10 READ (5.0ARD2)
ARITECH6100) PleW2sPVeGAMMA o« SIGMAL+KP o+KS KT 4 KD
GANZ26G = GAMMA/64.326
N0 1000 L=1.NOP2
WRITE (64200) P2(L)
N0 1000 J=1.NOMS

CALCULATE FLOW RATES
Al w2/4(04)

Al Wl + W2
DO 1000 [=1.NORS

o0

CALCULATE GEUMETRY, ANy ONs ATs ONe

AN2T = 1e#KP = (Llo#kSI®((MIJI*RIT}I/{1o=RUL)})*%2)
IF (AN2TLT 0.} GO TO 100C

AN = (144 .%W1l/64e34B/GAN2G)* SORT{ANZT/(144.*(P1-P2)/GAD25))
DN = SJRTUAN/.7854)

AT = AN/R(T)

DT = SIRTCAT/.7854)

CALCULLATE HEAU RATIOs EFFICIENCY, ANO QUTLEY PRESSURE

NTH = NNIRETDeMUJ) o KP oKS+KT oKD
ITF (NTHeGE W0} GO TO 999
WRITF {(64300) MUJ) v WLleWTHR{I)NTH
GU TD 1000

999 ETA = M{dI* NTH
P = (NTH®*P1 + P2(L})/(1s +NTH)

GHECK FOX CAVITATIIN

P2REUN = (SIGMAL®* GAU25 /144.)% ({ 144./7(2.%GA02G *32.1T74))%%2)*
XCClw2 & (L) (AN %x{1. = R{I})}})I¥%2) ¢+ PV
TF (P2(L) GTP2REQD) GO TO 600
ARITE (64400 M{I)eWleWToREI)sINeDTNTH,ETA,PDP2REQD
60O 10 1000
600 ARITE (00 500IM(J) oWlo WToRET ) +INsDT o NTHHWETA,PI» PZREQD

1000 CUNTINUE

60 TO 10
FORMAT STATEMENTS

100 FOKMAT(LHL+49X ¢ 2LHJET PUMP DESIGN ~ 1 ~///7710Xe2HPLsTXs2HA2 47X,
AZHPVe 5X e THGAMMA o 3Xe THSISMAL +5X¢24KP s 8X92HKSe8Xs 2HKT 43Xy 2HKD//
AF1301eF9a2¢FGa142F10a1,4F10.3)

200 FOKMAT(///9XeS5HP2 = oF5.2¢/7/710Xe1lHMeBXo2HNWL +8Xe2HWT 38X 1 4R98X,
A2HDON o 8X s 2HDT o8X 934 N o5Xe3HETA «7Xe2HPD+SX+6HP2REQD»4X+ THNC DR C)

300 FORMAT (F13.)e2F10.2¢F9.3420X2F9:3)

00 FNKkMAT (F134142F10024FFa3¢Flle3¢F9e3¢F1l00a3+FFe392F9a1¢7X414C)

500 FIKMAT (F1301e2F10024F9.3+F 10.3¢9.3+F10e34FF4342F941.7Xs2HNC)

END

o]

2)
21

23
25

29

41

35



FUNCTTION SUHBPROGRAM FOR HEAD RATIO CALCULATION

REAL FUNCTION NN{(RQeM+KP +KS ¢KT oKD}
REAL Me KPos KSe KTy KD
TERML = 2.%R # ({2, %RFX2¥M*%2) /{1o~R)I~ (1o ¢ KT ¢+ KD} #R& %2 %( ] ,+M)

A% 2

OHNhe

10

2d0u
744

254

3€

TEKMZ2 = ((loe + KS)®REX2¥MEXD) /(Lla=R)%%Q2

UN = {TEIM1 = TEIM2 ) /{(lse + KP) —~ TEKML)
LETURN

[SNTH)

eI PuMP DESIGN - 11 -

DIMENSTIUN R(E30), P2(2G)s EM(30)

REAL MeNTHKPsKSoKT v KI 4NN
NAMFLIST/ZARUL/KP o KSoKToKI eSAUMA o STSMAL . PY
NAMFLIST/CARDZ/PLew240T o NUGP24P2+sNUOKSHR

READ (5.CARUL}

READ (5.0ARD2Y

ARITECO.100) PLoW24IToPVIGAMMA +STIGMAL oK K3 o KTy KD
GAI2G = LAMMA/ 4. 326

0O 1000 t =1.NIP2

ARITE(L.200) P2(L) 7
70 1000 I=1,N3IRS

RN

CALCULATE GEUMFTRY, ATs ANs DN

AT= 0.7854%)7¢€2
AN=AT*R (1)
DN=SOQRT(AN/0.7854)

AEGIN APPRUXIMATION PROUEDURE FOR PRIMARY FLIA RATE, Wl, AND FLOWN RATII, 4

ANUM = SJIKTHL 144, £(PL-P2{L) )}/ GAUL25 )

FAC = (AN%64.348 &« GAD25 ) / 144,

RINUM=ANUM #FAL

JEN 1= ST (1 ¢KP) 15
FWl = ANUM/DENT

EM{1)= w2/Fwl

ENTER LOUP FOR CALULATION UF FLUWw RATIO.

i 2000 J=1.19%
ADEN={ Lo #tKP I (Lo +KSIE(ZMISI$R{TI /Ll =-R(LI)) ®E2
TF (HWOENGLT L Ca) 3D TD gOO

COEN=SIRTIBLEN) 2%
avl= aNUM/COEN

FMiderLiza?2/unl

DEL M= apSieM{J+L)-EM(4))

PERBEY = Dl AMEMLI+]L)

IFIPFROEVLLFE &3.0005) M=EM(J+])
[FIPERIEV .LE 4uaN005) 3L TO 230

LT INUR

S0 TO 750

CALLU.ATE 2RIMARY FLOW RATcs 4EAD KATID,y SFFICIENCY, AND OJTLET PRIESSJIRE.

FOENZS Lo#K? —(1at&SIELMERIL)/(La=R{I) ) ) *&2
IF (EatNeL .00 33 T 850

FUEN= SIT (EJIIN)

dlz BUM/FDEN

-
e



OO0

999

450

750

800

850

o4

[l e

NTH = INERIT1eM K2 4 KSeKToKD)
TFINTHeuZ wad 50 T 999
arRITE (6300) 3{1)eDNoiwl o NTH
GU TO 1u0G

ETA = MENTH
PO=ANTH*P L+P 2L ) /{1 eNTH)

CHECK FR LAVITATION

P2REQ) = (SIGMAL¥ GAO25 /144s)% ({ 164./7(2.%5A025 *32.1T7%))%%2)%

XCEUwWw2 ¥ 001 Y (AN %(1e - RELVD)D®%2) + PV
IF (P2REIDLGLT.P2) GU TO 45C

ARITE (664100 RITIs DN oWl e NTH MyZTALPIP2REWD
G} T3 1000

ARLITE (64400) AT eDONewl eNTHeMETA WPy P2REQD
s TD 1000

wRITEl6.751) R(IT)

O TO 1020

WRITE (6s801 1) ki)

%Y 71 1020

ARITE (60851 (1)

SONT INJE

0 1D 10

FORMAT ST ATEMENTS

45

43

53

61

64

57

7)

100 FORMAT(LH] ¢ 49Xe 214JdET PUMP DJZSIGN= TL =//7/7712X+24PL o7 X92442,7%,
AZHOT o TX e 2HP Ve 5X ¢ TA5A4MMA e3Xe THSISMAL 25X ¢2HKPBX 9 2HKS 3¢y 2HKT, 88X,
B2HKD//F L3 elebF9a 20" 9a3¢F9a1v2FLlCalearlde3d )

200 FORMATE///9KAe5HP2 = F5e2//712X o1HReEX12HINeB X9 2HW] +8Xe34 N o5XK,
ALHM e 6Xe 3HETA «O6XK o 2HP I s 5X 3 64P2KEWD 9 X THNC JR C/ /)

300 FORMAT (F15a34FHe3¢79420F11a3)

400 FIRMAT (F1243erB8e3+°922+711La3e"8024F8e30rTelosFIelsdxXe24NI)

410 FIIMAT (F1543¢7 803679020 LLe3e78020F3034757alat9a14+3¢1H2)

751 FUKMAT(HFL15.3,10Ks 304PRIGRAM UNABLE TO CAMLCJLATE W1}

[eNaKe)

A1
#51

FORMAT(FLS543¢10Xe LSHNEG SORT 1IN WAl )
FORMAT(FL153+10Xs14HANES SQRT IN WL }
EN

FUNCTION SUBPRIGRAM FGR HEAD aTI1d ZALIJLATIGN

RFEAL FUNCTIUN NN{RsMeKPeKSKTsKD)
<xEAL 4, XPo KSe KIyv K)

TERML = 2.%R + ({2.%R&#%2«Me¥2) /(1a-R)}=(L. ¢ KTKD) RREX2%( ], M) *%2

TERKM? = {(1a4KSI®3kk2#MEx2 ) /(] -R}%E2

NN = (TERML - TER4Z) /({l. + KP) - TERML )
RETURN

END

JET FPUMP CESICGN ~ III -

CINMENSIOM MU30)y R(3C),P2(30)

REAL VMyNTFKPyKSyKT,KDyNN
NAMELIST/CARCL1/KP3KSsKTKDyGAMMA , SIGMAL,PV
NAMELIST/CARC2/P1yPCREQDyW2,NOMS M, NORS,R
REAC(S,CERC1)

GACZC = CAMMA/G4 ,326

37



OGO

aAOOn

[aNaNe]

[aEeKel

OO0

1C REAC(S,CERC2)
WRITE(6,41CC) PLyPCREQDyW29KP 4KSyKTyKD9GAMMA ,SIGMAL 4PV
CC 1CCO 1=1,NOMS
WRITE(6,15C) M(F)
Wl= w2/ ML)
CC 1CCO0 J=14NORS
TEVM = ((MUL)*R(JDI/(1a-RUJI)I#%2) % (1.4KS)

CALCLLATE READ RATIO AND EFFICIENCY

NTF= NN{ R{J)y MUI)y KP4KS,KT,KD)
IF(NTF.GELC.) GO TC 200
6C TC 10C0

2CC ETA = NTH *» M(I)

BECIN ITERATION LCOP ON P2. FIRST ESTIMATE OF P2 CALCULATED FROM
CEFINITICN CF HEAC RATIC.

P2(1)= PCRECC -~ NTH # {P1-PDREQD)

EC 25C Ls1,15

C = (I44.%W1) / (32.174%CGA02C * 2.)

Cl = 1. ¢ KP - TEM

IF (Cl.LE.C.) GO YO 750

C2= (Pl - F2(L)) * l44./GA02C

AN1= CxSCRT(CL/C2)

P2RECC = (SIGMAL* GAO2G /144.}% ([ 144./(2.% GAO2G*32,174))%*2})*
(w2 * F(J))/ (ANL®(1l. =~ R(J})))I®%2} + PV
CELF= P2RECLC -~ P2(L)

PERCEV =5 ABS{100.*DELP/P2REQC)

IF(FERDEV «CT. «C5) GO TO 24C

WHEN FERCENT DEVIATICN IS LESS THAN OR EQUAL TG .C54 END THE LOOP

P2F = P2FECC

AN = ANL

GC TC 3¢¢
24C P2(L+1)= PZREQD
25C CCNTINUE

GC TC 8CC

CALCLLATE CULTLET PRESSURE ANC GEOMETRY, AT, DT, ANC DN.

3CC PC= (NTH * Pl + P2F)/(1.+NTH)
AT = AN/FUJ)

ET = SQRT{AT/.7854)
CN= SCRT{AN/.7854)
WRITE (64110) R{J), NTH, ETA, P2F, PDy DT, DN, Wl
IF(PC.LT.PCREQD}) GO TO 7CO
GC TC 1CC0

TCC WRITE(6,12C)
GC TC 1cCcC

75C WRITE (64125)
¢C TC 1CCO

8CC WRITE(64,13C) PERCEV

10CC CCNTINUE
GC 1C 1¢

FCRMAT STATEMENTS

1CC FCRMAT (1K1 47Xy 22HJET PUMP CESIGN- III =////713X,2FKP1,5X,6HPDREQD,
ASX g2t 29 TX 9 2HKP g BX s 2FKS 98Xy 2FKT ¢ 8X ¢ 2HKD € Xy THGAMMA  ,3X, THSIGMAL
B5X, ZFPV// Fl6.ly 2FSels 4F1C.3,+2F10.1y F9.1 )

11C FCRMAT (F17.3,F1C.3,F9.3,F10.14F11.1,42F11.3,F10.2)

12C FCRNAT (1kH+ 92X, 22HPD IS LESS THAN POREQD )

13C FCRMAT (1k+ 24Xy 12HPERDEV(1S5) =, F1C.B8,€6X,31HCONVERGENCE ON P2 Dl
AC NCT OCCUR )

135 FCRMAT (1F+ 30X, 31HCONVERGENCE ON P2 DIC NCT QCCLR )

15C FCRVMAT (/// 12X94HM = ,F6.3//14X31HRy9X, 1HN,TX, 3FETA,5X,7HP2 REQ
BCy€Xy 2FFD, B8Xy2FCT,GX, 2HDN, 9X,2HW1 //)
ENC

38

16

30

45

47

53
55

57
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1G

999

C
C
C

HoOn

560
1000

100

200

300
399
400

FUNCTION SUBPROGRAM FOR HEAD RATID CALCULATION

REAL FUNCTICN NN{R,M,KP,KS,KT,KD)
REAL ¥, KP, KSy, KTy KD
TERM]L = Zo#R + {(2.%R*%2¥M¥%2}/(1e=R))=(1o+KT+KD)*R#*#2% (], +M)*%x2

TERM2 = ((1o4KS)¥R**ZEMER2 )/ (1-R)*%2

NN = (TERM) - TERM2) /((l. + KP) = TERM1 )
RETLRN

ENC

JET PuMP OESIGN - IV -

DIMENSION R(30)., M(30}

REAL MoeNTHeKPeKSoKToKDoNN

NAMEL IST/CARDL/ KP o KS e KT o KD eGAMMA o+ SIGMAL PV
NAMEL IST/CARDZ2/NORSeReNOMS yMsP24PDy W2

READ (5.0ARD1Y)

READ (5,CARD2)

ARITE (64100) P2,20+sW2+PVsGAMMA +SISMAL ' KPsKSyKT oKD
GAU26G = GAMMA/64.326

DO 1000 J=1.NORS

WRITE (64200141 R(J)

N3 1000 I=1,NIMS

Wl=s W2/M( 1)

NTH= NN(RUJDIoMUT)eKPsKSsKToKD)

IF (NTH.GE.Q0.) GO TO 999

WRITE (6+4300) M{I)eWLeNTH

G0 TO 1000

ETA= M{TVENTH

Pl= (PD-P2) / NTH + PD

CALCULATE GEOMETRY. ANe AT, DNo OT.

AN2T = 1o # KP = (Lo#KSI&((MITI)%R{JD) / (Le=R(J)))*%*2)

[F (aAN2T.LTL.0.) 50 TO 1000

AN=(164.%WLl /64.348/6GA02G)%SORTIAN2T/ (144.*{PL-P2)/GAD2L))
AT= AN / R(J)

DT= SORTI AT/.7854)

DN= SOITUAN/.7854)

CHELK FOR CAVITATION.

P2REQOD = (SIGMAL* GA202G/1%4e)% ({ 1464/ (2.% GAD23%32,174))%%2) %

X{6(w2 * 3{J) )/ (AN *(1l. - RUJ)))I%%2) + PV

LF(P2 6T+ P2REQD) GO TD 550

WRITE (6+399) M(I}s Wlse NTHe ETA, Pls AN+ AT, DT, DN
GO0 YO 1000

ARITE (60 400) wW(1)s Wi, NTH, ETA, P1, AN+ AT, DTy DN
CONT INJE

G4 Tu 10

FORMAT STATEMENTS

FORMAT {1HL 49X, 2 HJET PUMP JESIGN= [V ~///7/710Xs2HP2,:7X+2HPD,
ATX e 27HW2 ¢ TX e 2HPV o 5Xe THGAMMA 3 X 7HSIGMAL +5X+2HKP 48X 424KS5» 383X,
B2HK T e BK e 2HKN//F1342+3F94242F1042+4F10.3)

FORMAT (/7 /7/9Xe4HR = osF543¢//710Xs1rdMeBXo2HWlsTXe3H N 47X ,34ETA,T7X,
A2HP 1o BXs2HANLOXoTHNL UR C oe5X+s2HAT 99X +2HDTIX+2HDN//)

FORMAT (F1l3.24F9.2+F10.3)

FORMAT (F1342¢F9.2¢2FLCe3¢F1l0aloFlGea3elOXslHCsTXeF5.342FL163 )
FIRMAT! (F13e¢20F9¢2:2F1Ce3eF10.1¢Fl0a3¢1DXe2HNC +6XoF6,3,2F11.3 )
END

;W

13

17

28

3

31

35

39

39
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FUNCTION SUBPROGRAM FOR HEAD RATIO CALCULATION

REAL FUNCTION NNUR oM oKP KSoKT oK)

REAL Me KPes KSe KTy KD

TERML = 2.%R & ((2%¥R¥¥2%Me¥2}) /{Le=R)I~{1la+KT+KD)%R*E¥2%( 1 ¢ +¥) *%2
TERM2 = ((lo+KS)®R&X2¥kME%X2 ) /(] a-R)*¥2

NN = (TERM1 - TER¥Z2) /{(l. + KP) - TERML )

R FTURN

END

JET PUMP DESIGN = V -

OIMENS[UN  M(30)

CFAL MoV oKP «KSyKT « KD o NN

NAMEL IST/CARDL/ KP oKS oKT oKD oGAMMA 5 SISMALSPV
NAMELIST/CARD?/ PLoP2+UNeDToR +NOMS oM

RFAD (5,LARD1)

10 READ {5.CARD2Y

Sen

600

700
1000

C

WRITE (6¢50C) PleP2ekoeONsDToKP eKSoKT KD ,GAMMA SIS MAL, P/
GAO2G = GAMMA/b4.326

AN = 7854 % DN %42

NO 100G  1=1+NOMS

N = NN (RoMOI) sy KPeKSeKToKU)

FTA = N * M(1)

PU = (N¥P1 + P2) /7 (1. + N)

CALCULATE PR IMARY FLOW RATE. Wl

TEM = 1o + KP - (la ¢ KS) * (R*=M{1)/({l. = R}))*%2

IF(TEM JLFe Qo) GO TO 66O

Wil (GAN2GE 2.% 32, 1 T4*AN/ 144} * SORTI((PL-P2)*144.,/GAD25)/TEM)
a2 wl * M(T)

CHECK FUR CAVITATIUN

P2REQD = (SIGMAL¥* GAU2LG /144.)% ({ 144./02.%GA02G *32,174) ) %%2) %
X(liw2 * R )/ (AN #{1l. - K VhI*%2)  + PV

IF (P2REJDLLT.P2) GO TO 700

ARITE (66520) M{L)IeNETAPDewl +W2 s P2REWD

GO TO 1000

wRITE (645301

GO TO 1000

WRITE (66510) MUI)eNETAPDsWLleW2, P2REQD

CONT INUE

GO TN 10

FORMAT STATEMENTS

F T O]

19

22

50G FORMAT (1H1 47Xe 21HJET PUMP JESIGN = V = ////4X+2HP 195X 2HP2y 6K,
AlHKe 6Xe2 HUN s5Xe 2ADT s 6Xe2HKP eOX 224K Se 06X+ 2HKT 96X 2HKI 9 4K s THSAMMA
B e3Xe THSIGMAL +5Xe 2HPV// FBelsF6el oFTa3+4FBa34FTa344FBe34FBely
C2F10el //7/713Xs1HMe IXe LHNsBXo3HETA¢BX s2HPI +IX o 24ANL s X9 2402 43X 45HP2
ORFQD /7))

51G FORMAT ( 10XeF 6e2¢2F1Ge3s +t10e20¢ 2F1142 +F12.1)

520 FORMAT ( LOXeFbe?2e2F1043¢ F10a2s 2F11e2 +F12.142H C)

530 FORMAT (10X«20HNESATIVE SWUARE RLOT )

FND
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FUNCTTUN SUBPRUGRAM FUR HEAD RATID CALTULATION

REAL FUNCTLON NN{RoMsKP+KS +KT +KDI

REAL Me KPP, KSs KTe KD

TEAML = 2.%R + ((2.%R®€$2xM&%k2)/{1a=R)II={(1.+KT+KD) ¥R¥%2% (|, +M) *¥%2
TERM2 = ([ (1o#KS)I*R&¥2¥Mk%2 ) /(1.-R)**2

NN = (TERM1 — TERMZ2) /((l. + KP) = TERML )

RETURN

END

41
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